ABSTRACT
INTRODUCTION
Single-crystal structural analyses of DNA oligonucleotides have greatly broadened our understanding of DNA conformation and its dependence on base sequence. One of the first structures solved, that of the dodecamer 5'-d(CGCGAATTCGCG)-3\ has been for the last decade the paradigm for the B-DNA conformation. The structure at 1.9 A resolution has revealed several conformational features associated with this sequence such as, a high propeller twist of the A-T base-pairs, a narrowing of the minor groove at these base-pairs, and an asymmetrical bend in the helix axis at the 5'-GA-3' step (1, 2) . Comparative analyses of several crystal forms have shown this bend to be flexible and absent from several structures (3) . The solution conformation of the dodecamer has been extensively characterized by 1-D and 2-D nuclear magnetic resonance (NMR) methods (4) (5) (6) (7) . This dodecamer is of further interest since it contains the recognition site for EcoRI endonuclease (GAATTC). The Xray structure of a related tridecamer in complex with the enzyme has shown that the binding of the endonuclease induces several distortions in the helix axis at specific locations (8, 9) . In view of these recent results, the dynamics and flexibility of this dodecamer in the solution state are of interest.
In the present work we have addressed this question by measurements of the opening rates of individual base-pairs using NMR methods. The kinetics of base-pair opening in DNA duplexes can be followed by NMR using the relaxation of the imino protons involved in Watson-Crick hydrogen bonds. The exchange of these protons with solvent protons is base catalyzed. Recent studies have demonstrated that base-pair lifetimes can be obtained by extrapolating the exchange time at high catalyst concentrations where base-pair opening becomes the rate-limiting step for the exchange (10, 11) . The results on various DNA oligomers have shown that base-pairs open one at a time, with lifetimes at room temperature in the range of 10 milliseconds (12, 13) .
In order to characterize the dependence of base-pair opening kinetics on base sequence we have also studied the three other dodecamers shown in Figure 1 . They contain base-pair substitutions in the first and sixth positions of the recognition site of EcoRI endonuclease and they encompass the entire cleavage hierarchy for EcoRI* activity of the enzyme at these sites (14) . The structure of one substituted dodecamer investigated, 5'-d(CGCAAATTTGCG)-3', has been recently solved at 2.5 A resolution. The results have suggested a possible network of cross-strand hydrogen bonds between A • T base-pairs along the major groove (15) . According to comparative Raman spectroscopy studies, the geometry of the central A 3 T 3 tract in this dodecamer is conserved between crystal and solution states but the backbone conformation of the sequences flanking this tract is significantly different (16) . The presence of a tract of six contiguous A • T base-pairs in this dodecamer is also of interest in terms of the kinetics of base-pair opening. Recent NMR results have shown that the lifetimes of A • T base-pairs are anomalously long in A n T n tracts for n 2: 2. This kinetic property can be correlated to DNA bending (17) .
MATERIALS AND METHODS

Sample preparation
Oligonucleotides were synthesized on an Applied Biosystems 381A automated DNA synthesizer using the solid-support phosphoramidite method (18) . They were purified using reversedphase high pressure liquid chromatography (HPLC) on a Hamilton PRP-1 preparative column. The purification was run in 50 mM ethylene diamine formate buffer at pH 7.5 with a gradient of 0 to 25% acetonitrile over 25 minutes. The DNA samples typically eluted after 20 minutes.
The counterion was exchanged with sodium by passing the purified oligonucleotides on a column of Sephadex-G25 (Pharmacia) which was equilibrated in a high salt buffer [10 mM phosphate, 0.6 M sodium chloride (NaCl), 2 mM ethylenediaminetetraacetic acid (EDTA), pH 7.0]. The purified oligonucleotides were desalted on a Sephadex-G25 column equilibrated with water. The conductivity of each fraction was measured on a Radiometer Copenhagen CDM 80 conductivity meter. The samples were then dried down in a lyophilizer
The 
NMR methods 'H NMR experiments were carried out on a Varian VXR-400 NMR spectrometer operating at 400 MHz and 25°C. The longitudinal relaxation times (T,) were measured using the selective saturation recovery method (19, 20) . The imino proton resonances were saturated individually and 12 to 15 values for the recovery delay were used in each T] measurement. The observation pulse was the 1-3-3-1 pulse described by Hore (21) . In all the spectra reported in this paper the maximum excitation was at 13.0 ppm.
The imino resonances of the substituted oligonucleotides were assigned using 1D-NOE experiments with irradiation of adenine-H2 or imino protons for 200 ms. The same observation pulse was used and the relaxation delay varied from 3 to 10 s depending on the T| value of the resonance irradiated. The assignments of the A-H2 resonances in the AAA dodecamer were confirmed using the connectivities between A-H2 protons in 2D-NOESY experiments with a mixing time of 300 ms.
The spectra were referenced to 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as an external reference.
Theory of Exchange
The imino protons exchange with solvent from an open state (22) , and the exchange time, T M , is given by (11) . 
where T^ is the relaxation rate in the absence of added catalyst. The latter reflects the dipolar contribution to relaxation as well as the catalyst-independent proton exchange [e.g., intrinsic catalysis by the other base of the pair (12)].
The linewidth of an imino proton resonance, Ai>, is related to the exchange time, r ex , by: T M = \/(icAv) with Av = (A»') b -(Aj') aac , in which (Av) b is the linewidth at a given concentration of base catalyst and (Ap) aae is the linewidth in the absence of the added catalyst. 
RESULTS
Resonance Assignments
Since all the dodecamers investigated are self-complementary the bases are numbered 5' -3' for one half of the sequence. For the remaining half we use the numbering scheme introduced by Kochoyan et al. (10) . For example, for the GAA dodecamer the numbering is:
where n implies that the corresponding base is paired to the n-th base in the double stranded form.
The imino proton resonances were assigned according to type based on the observation that the T(N3H) resonances occur downfield from the G(N1H) resonances (4). The G(N1H) resonances of the terminal G • C base-pairs were assigned based on their sequential broadening upon raising the temperature (4) . The remaining resonances were assigned using the NOE's between imino protons in successive base-pairs (4, 5, 23) . For the T(N3H) resonances of A • T base-pairs which were too close in the spectrum to achieve selective saturation, we have also used the NOE's to the A-H2 protons. As demonstrated recently, in an A n tract, the T(N3H) proton in an A-T base-pair shows primary NOE's to the A-H2 proton in the same base-pair, and to the A-H2 proton in the 3'-neighboring A-T base-pair (23, 24) .
The assignment of the imino proton resonances in each of the DNA oligomers studied are summarized in Figure 2 and in Table  I. Table I 
Dependence of Tl Values of Imino Protons on Salt Concentration
We have measured the T| values of the imino protons in the GAA dodecamer as a function of the concentration of NaCl at low base catalyst concentration (i.e., 5 mM Tris buffer). The results indicate that the longitudinal relaxation rates of the internal imino protons in this dodecamer are independent of the concentration of NaCl over the range from 0.05 to 0.5 M (Table HI) .
DISCUSSION
Base-Pair Lifetimes
The DNA oligomers studied in the present work contain A 2 T 2 or A 3 T 3 tracts. The lifetimes of the A • T base-pairs in the A 2 T 2 tracts of the GAA and CAA dodecamers are comparable (Table  II and Figure 6 ). The lifetime of AT 5 is in the normal range of lifetimes for A T base-pairs as measured in DNA oligomers of various sequences, i.e., 1 to 7 ms at 15°C (11) . The lifetime of AT 6 is slightly longer than the normal values. In the AAA dodecamer, which contains an A 3 T 3 tract, the lifetimes of the central two base-pairs are greatly increased relative to the other dodecamers (Table II and Figure 6 ). On the other hand, the lifetime of the AT base-pair at the 5'-end of the tract, AT 4 , is the shortest and is in the normal range. A comparison of the AAA and TAA dodecamers indicates that the lifetimes of the central A-T base-pairs increase when the tract contains only 5'-AT-3' steps but not when it contains a 5'-TA-3' step. The molecular basis of the long lifetimes of the A • T base-pairs observed here for A 2 T 2 and A 3 T 3 tracts is suggested by the Xray crystallographic structures of two of the dodecamers of interest, namely, the GAA dodecamer (1,2) and the AAA dodecamer (15) . These structures belong to the poly(A) subfamily of B-DNA (25) which is characterized by high propeller twist of A • T base-pairs. The high propeller twist can be stabilized by cross-strand hydrogen bonds in the major groove between an adenine N-6 amino and the thymine O-4 of the next base-pair in the opposite strand [for a detailed description of these hydrogen bonds see (25, 26) ]. As a result of the high propeller twist, the base-base stacking interactions of A-T base-pairs are enhanced. Both these structural features, enhanced stacking and cross-strand hydrogen bonds, can contnbute to increase the stability of A-T base-pairs.
The present NMR results suggest a qualitative correlation between the lifetime of an AT base-pair and the potential of the corresponding thymine to form cross-strand hydrogen bonds. For example, in the GAA dodecamer in which a cross-strand hydrogen bond could form from A5 to T6, the A-T 6 base-pair has a longer lifetime than that of AT 5 (Table II) . In the AAA dodecamer cross-strand hydrogen bonds could form from from A4 to T5 and from A5 to T6. Correspondingly, the lifetimes of the A • T 5 and A • T 6 base-pairs are significantly longer than that of A-T 4 . For the first A-T base-pair of the A n T n tract, such as A-T 4 in the AAA dodecamer, the thymine cannot form any cross-strand hydrogen bonds and the base-pair has a normal lifetime.
This correlation is based on the assumption that proton exchange in A • T base-pairs occurs by the swinging out of the thymine such that the N3H proton becomes accessible to the base catalyst. More information on the nature of the open state(s) involved in proton exchange is necessary to validate this assumption. Moreover, this qualitative correlation does not explain the dependence of the lifetimes on the length of the AnT n tract, e.g., the increase in the lifetime of the central A-T 6 basepair in the AAA dodecamer as compared to the GAA dodecamer. Clearly, other structural features, in addition to cross-strand hydrogen bonds, do contnbute to this effect. The influence of the sequences flanking the A 2 T 2 tract (Table II) suggests that base-base stacking interactions may also be involved in the anomalous opening kinetics of A-T base-pairs in these structures.
The lifetimes determined in the present work are in perfect agreement with those reported recently by Leroy et al. (17) for DNA oligomers containing tracts of four or more A • T base-pairs. They have found that the first A • T base-pair in an A n T n tract has a normal lifetime, whereas subsequent AT base-pairs have anomalously long lifetimes. Based on these results, they have proposed that long lifetimes for A • T base-pairs should occur in A n T n and A 2n tracts when n £ 2. Our present results provide further support for this rule. Anomalous base-pair opening kinetics in A n and A n T n tracts can be correlated with DNA bending (17) . Curvature of the EcoRI recognition site has been demonstrated based on the abnormal electrophoretic behavior of repeated decamers containing this site (27, 28) . The gel retardation and thus, the degree of bending, is enhanced for repeats of the decamer 5'-d(GGAAATTTCQ-3' which is closely related to our AAA dodecamer (27) . Based on the present NMR results, the increased curvature of this base sequence is also associated with anomalously long lifetimes of the central A-T base-pairs. The degree of curvature in the EcoRI recognition site can be altered by modification of the adenine N-6 amino groups (28) . This finding supports our present suggestion that cross-strand hydrogen bonds could contribute to the structure responsible for anomalous base-pair lifetimes and DNA curvature.
The lifetimes of G-C base-pairs determined in this work suggest that the proton exchange kinetics in these base-pairs may also be sequence dependent (Table II) . In the CAA dodecamer, the lifetime of the G • C 4 base-pair is within the range measured for other DNA oligomers at the same temperature, namely, 7 to 16 ms (10, 11) . In the GAA dodecamer, the lifetime of the G • C 4 base-pair is much longer. However, due to the deviations of r M from linearity ( Figure 5A ), the value of this lifetime is less reliable than those for the other base-pairs. Further studies at other temperatures and with different base catalysts are necessary to establish the sequence dependence of lifetimes of G-C base-pairs in the dodecamers of interest.
The base-pair lifetimes in the GAA dodecamer have been measured previously (29) . They were obtained by direct extrapolation of the measured T, values to infinite concentrations of the base catalyst without correcting for T,
A direct comparison to our data is thus not possible but the pattern observed is the same, namely, the A -T 5 base-pair has a shorter lifetime than the central A-T^ base-pair.
Dependence of DNA conformation on the concentration of Tris base
The approach used in the present work to determine base-pair lifetimes involves the addition of catalyst at high concentrations (up to 1 M Tris). This is necessary due to the small values of the base-pair dissociation constants. To characterize the effect of the catalyst upon DNA conformation we have monitored the chemical shifts of the imino and the non-exchangeable proton resonances as a function of the Tris concentration. The results are illustrated in Figure 3 for the CAA dodecamer. Most proton resonances shift upfield by 0.05 to 0.1 ppm upon increasing the Tris buffer concentration from 0.005 to 1 M. No changes in the imino or the non-exchangeable proton resonances were observed when the NaCl concentration was raised from 0.O5 to 0.5 M at low base catalyst concentration (data not shown). Moreover, in the GAA dodecamer, at low concentrations of the catalyst, the T| values of the imino protons are independent of the concentration of NaCl (Table IE) . These findings indicate that subtle changes in DNA conformation are induced by the base catalyst. They do not result from the associated changes in ionic strength but appear to be specific to the base catalyst. Nevertheless, due to their small magnitude, they should not alter significantly the lifetimes reported in this work.
Pathway of Imino Proton Exchange
Imino proton exchange in duplexes of short DNA oligonucleotides can occur by the local opening of base-pairs and/or by the dissociation of the duplex into two single strands. The latter pathway results in comparable exchange rates for all imino protons and in larger activation energies (20, 30) . The two pathways can be distinguished by varying the temperature, pH and base catalyst concentration as demonstrated recently by Braulin and Bloomfield (31) . They have found that imino proton exchange in the octamer 5'-d(GGAATTCC)-3' at 25°C, low pH and low catalyst concentration is dominated by duplex dissociation. The rate constant for the dissociation of the duplex has been found to depend strongly on salt concentration. Using this dependence Braulin and Bloomfield (31) calculated that 0.6 sodium ion is released upon the dissociation of this octameric duplex Our measurements of the base-pair lifetimes were earned out at 25 °C, a temperature well below the melting temperatures of the dodecamers of interest (namely, ~55° C for the AAA and TAA dodecamers and -65° C for the GAA and CAA dodecamers under the experimental conditions used). At this temperature, the duplex lifetime is expected to be much longer than T a for imino protons and thus, duplex dissociation should not contribute significantly to the exchange. Our finding that the exchange rates of the imino protons within a given dodecamer duplex are different ( Figure 5 ) suggests that, under the experimental conditions used, the imino protons exchange by the opening of individual base-pairs. This conclusion is also supported by the fact that the T, values of the imino protons in the GAA dodecamer at low catalyst concentrations are independent of the concentration of NaCl (Table III) . At low catalyst concentrations, proton exchange by the opening of individual base-pairs is catalyst-limited, whereas, the exchange by duplex dissociation is limited by the rate of dissociation which should be saltdependent (31) .
CONCLUSIONS
The results presented in this paper indicate that the exchange of the imino protons in We are currently extending these studies by determining the solution conformation of the dodecamers of interest as well as of dodecamers containing single base-pair substitutions in the EcoRI recognition site.
